Introduction
The scaling of mass-specific metabolic rates of animals has engendered enduring interest and an extensive literature in comparative physiology. Like most areas of active scientific endeavor, questions of scaling in metabolism have spawned considerable controversy (e.g., see Heusner 1982 Heusner , 1987 LaBarbera 1989) . Despite the often heated debates around this issue, there has been a consensus on the central question: Why do large animals have lower mass-specific metabolic rates than small animals? In a pioneering series of papers beginning in 1980, Childress (1980, 1985; Childress and Somero 1990) provide compelling evidence that the paradigm of an inverse relationship between body mass and mass-specific metabolism was violated by the anaerobic metabolic potential in the white muscle of fishes. They observed positive scaling of the enzyme activity of lactate dehydrogenase (LDH) and pyruvate kinase (PK) in the white muscles of several species of fish, the absence of scaling of LDH and PK in nonlocomotory tissues (i.e., brain), and negative scaling for enzymes of aerobic pathways in white muscle. Somero and Childress noticed that this positive scaling in white muscle mirrored the expected increase in the power required for burst swimming as fish size and drag increased. Studies of fish swimming at that time suggested that fishes, regardless of size, had a maximum burst speed ( Uburst) of about 10 body lengths per second (L s-').
Other researchers provided evidence that positive scaling of LDH activity was related to the power requirements for burst swimming by finding positive scaling in active fishes but not in inactive fishes such as benthic species or sit-and-wait predators (see Goolish 1991b; Kieffer et al. 1996) . Goolish (1991a) suggested that positive scaling of anaerobic enzyme activities within species might be limited to particular size classes because of the different scaling relationships of hydrodynamic costs, muscle mass, and aerobic metabolism. A high mass-specific aerobic metabolic rate of small fishes would be sufficient to cover their relatively low costs of burst swimming. Large fishes were predicted to have lower relative burst speeds, as their much lower mass-specific aerobic metabolic rate is not sufficient to enable rapid recovery from lactic acidosis. Thus, for both small and large fishes, anaerobic metabolic power should not show positive scaling. However, Goolish (1991 a) predicted that midsized fishes rely much more on anaerobically powered swim-ming and are likely to show positive scaling of LDH in their locomotor muscles.
Previous studies of the scaling of anaerobic enzyme activity in fishes relied on a relatively small size range of fishes. For example, Somero and Childress (1980) examined several species of fishes with a maximum mass range of 30-fold. We examined the scaling of anaerobic enzyme activity in an active species, the striped bass (Morone saxitalis) across almost a 3,000-fold range of body mass, from fingerlings to reproductive adults. Striped bass are active, subcarangiform swimmers who would be expected to show positive scaling of anaerobic metabolic potential in their white muscle. Striped bass change comparatively little in shape and locomotor behavior during their lifetime. We ask how the anaerobic metabolic potential of white muscles scales across size classes of striped bass and compare this potential to the scaling of aerobic enzymes. We also examine the scaling of anaerobic enzymes and enzymes of aerobic pathways in the red muscle used for sustained swimming.
Material and Methods
Our original sample of striped bass was a group of 17 adults that were collected on May 5, 1992, during their spring spawning migration up the Hudson River. These fishes covered over an order of magnitude range of body masses and a more than twofold range of body lengths (Table 1) . The smallest individual in this group was 570 g, at the upper end of the size range sampled by Somero and Childress (1980) . After obtaining results on the enzyme scaling for this sample, we extended our size range to smaller size classes. We sampled nine hatcheryraised young of the year (YOY) from the Hudson River population (8.8-30.9 g). Other YOY from this hatchery were raised in our laboratory to intermediate size and subjected to a 2-mo period of acclimation to 50C (cold acclimated) or 250C (warm acclimated; see Rodnick and Sidell 1994 for rearing conditions).
We added to our sample of intermediate-sized fishes by raising striped bass from a different hatchery (Pamlico Aquaculture Field Laboratory, Aurora, N.C.) under the same conditions (light, food, and water) but at ambient temperature 150-180C.
Finally, we sampled five wild YOY striped bass captured in Albermarle Sound, North Carolina.
In total, we sampled tissues from 69 striped bass, covering a nearly 3,000-fold range of body mass (2.9-8,640 g) and a 13-fold range in body length (fork length 7.0-89.5 cm). Fishes from Hudson River, Chesapeake Bay, and Roanoke River stocks were included in our sample. Although not isogenetic, these populations show extremely low levels of mtDNA divergence (Wirgin 1997a (Wirgin , 1997b Garenc et al. 1998 Garenc et al. , 1999 . Our fishes admittedly come from a diversity of sources and were exposed to different abiotic factors; however, this would be the case for wild-caught fishes across this size range even if they were from a single population because of the lifestage-dependent habitat differences.
Nets were used to capture the bass; dip nets were used for captive fish and seine nets for wild fish. YOY fish were frozen whole on dry ice and dissected on ice in the laboratory just before assay. Larger fish were killed by a blow to the head and dissected on ice. Samples of white axial muscle were excised from the anterior epaxial region. Red axial muscle was dissected from the anterior lateral-line region. Muscle samples were frozen in liquid nitrogen and stored at -700C until the enzyme assays were conducted. The four enzymes that we assayed are 
Statistical Analyses
Statistical analyses were performed using SYSTAT 7.0 (Wilkinson 1997). Our null hypothesis is that enzyme activity (U g-' wet wt-r) is independent of fish mass and source (U g-' oc Masso for all groups sampled). Although our data set includes a large size range and a large number of individuals, we recognize that there may be both biotic and abiotic differences among our samples that could affect physiology and enzyme activity. We used ANCOVA of log-transformed data to examine source and mass effects. Initially, we used a full model with source as the treatment, mass as the covariate, and an interaction term. If the interaction term was not significant, we recalculated the ANCOVA without the interaction term (Dowdy and Wearden 1983). When the mass covariate was significant and the source treatment was not, we combined the data and calculated an overall regression. When mass and source effects were significant, we concluded that there was evidence for allometry but that the intercepts were offset because of variation caused by biotic or abiotic differences among sources (Dowdy and Wearden 1983) . When the mass covariate was not significant but the source treatment was, this might still indicate allometry over part of the size range. For example, if enzyme activities of a sample dominated by small fish were significantly greater from a sample dominated by large fish, these differences may be caused by size-related differences in enzyme activity. We tested for this last condition by comparing enzyme activities among sources (ignoring mass) using ANOVA and Tukey a posteriori comparisons when the ANOVA was significant. If significant differences in enzyme activity among sources were concordant with the ranking of source groups by mean body mass, we took this as evidence for allometry.
When sources were significantly different, we performed regressions for each data set. We used least squares regression (LS) to facilitate comparison with previous studies. We recognize that reduced major axis regression (RMA) is more appropriate; RMA scaling exponents can be calculated by dividing the LS exponents by the correlation coefficient (r). The best evidence for allometry (mass-specific scaling exponent, b, less or greater than 0), would be a significant scaling exponent among individuals from a single source. However, lack of a significant scaling exponent could indicate either no scaling or that the mass range we analyzed was too narrow (see LaBarbera 1989). In the latter case, the allometric signal may not rise above noise caused by individual variation. LaBarbera (1989) has recommended a size range of over an order of magnitude to distinguish between these two possibilities. Only two of our samples-lab-reared fish from the Aurora hatchery (Ah) and wild-caught adult fishes (Hw)-have such a wide size range and a reasonable sample size.
Sex, spawning condition, and condition factor have previously been shown to influence enzyme activity (e.g., Garenc et al. 1999 ). We examined the potential for these factors to influence our allometric relationships for the wild-caught adult fishes (Hw) via a multiple regression analysis. Sex, gonadosomatic index, reproductive state, and body size (log transformed) were the independent variables, and enzyme activity (log transformed) was the dependent variable. For descriptive purposes, LDH and PK activities in white muscle across the complete size range were fit with a rectangular hyperbola using SYSTAT (Wilkinson 1997 ). The hyperbola is described by Y = aM(b+M), where Y is enzyme activity and M is body mass.
Results

Scaling of Anaerobic Power
The maximum activities of LDH in the white axial muscle of striped bass showed a complex scaling pattern (Fig. 1, open symbols) very different than the pattern shown for LDH in the axial red muscle (Fig. 1, closed symbols) . ANCOVA of LDH activity in white muscle for the six sample groups showed insignificant interaction and covariate (mass) terms but a significant source effect ( Table 2) PK activity in white muscle showed a similar complex relationship with body mass (Fig. 2, open symbols) that was also different from the pattern shown for PK in the axial red muscle (Fig. 2, closed symbols) . ANCOVA showed a significant interaction term as well as significant effects for mass and for source. While other studies have documented the influence of reproductive investment on enzyme activity, we were unable to detect any impact of reproduction on enzyme activity. Our sample of wild Hudson River fish included a mix of males and females in both prespawning and postspawning condition but no reproductive factor (i.e., sex, stage, gonadosomatic index, mass) significantly influenced the activity of any enzyme from either red or white muscle in a multiple regression analysis.
Scaling of Aerobic Power
White muscle showed low activities of the enzymes in aerobic pathways, CS and MDH, and little or no scaling for these enzymes (Figs. 3, 4 , open symbols). ANCOVAs for both CS and MDH showed only significant source effects, but these were not concordant with the mass differences among groups (Table   2 ).
Red muscle showed high activities of enzymes in aerobic pathways (Fig. 3, 4, closed symbols) . ANCOVA of MDH activity in red muscle for the five sample groups showed insignificant interaction and covariate (mass) terms but a significant source effect. ANOVA of the sources and Tukey post hoc comparisons showed differences, but these were not concordant with the mass differences among the groups (Table 2) mass effect but significant interaction and source terms ( Table  2) . ANOVA of the sources and Tukey post hoc comparisons showed differences, but these were not concordant with the mass differences among the groups. Regressions for each group those containing small-to intermediate-sized striped bass but not in those including larger fishes. LDH and PK scaled positively with mass in the lab-reared cold-acclimated fish (Ca: n = 9, 730 g maximum) and in the hatchery YOY fish (Hh: n = 9, 31 g maximum). We failed to find scaling of LDH or PK in wild YOY fish (Rw: n = 5, 8 g maximum), but the mass range and sample size were too small to be confident of this negative result. Despite larger sample sizes, we failed to find evidence of scaling of LDH or PK in two groups of larger fishes: lab-reared fish acclimated to 180C (Ah: n = 21, 1,366 g maximum) and wild-caught reproductive adults (Hw: n = 17, 8,640 g maximum).
Garenc et al. (1999) attributed the ontogenetic shift among sticklebacks from positive scaling of anaerobic potential in juveniles to mass independence among adults to the allocation of energy to reproduction in breeding adults. We sampled groups of reproductive (Hw) and nonreproductive (Ca, Wa, Ah) striped bass and found no significant differences in mean LDH activity. Within these groups of large fishes, LDH activity was mass independent. In the case of striped bass, ontogenetic shifts in the scaling of anaerobic power appear to be related to mass, per se, rather than reproductive status.
In small fishes, the positive scaling of anaerobic enzymes may provide the power necessary to offset the increased costs of swimming incurred during growth. This may enable these smaller fish to maintain high relative Uburs, at a time when they are most vulnerable to predation. For larger fishes, our data would indicate that Uburs, must decline as the potential to supply power does not keep pace with the expected demand. In fact, relative Uburs, does decline in large striped bass when swimming voluntarily in a large flume (T. Castro-Santos, personal communication). Wardle and He (1988) in a comparison of burst speeds among species found that relative burst performance is not maintained in larger species and that Ubrst, declines with body size (Uburs, OC LO.s).
The pattern of LDH activity that we observed-increasing with mass in small fishes but reaching an asymptote in large fishes-may result either from endogenous physiological limits to high LDH levels in large fishes and/or from the result of reduced selection pressures on larger fish to maintain burst performance. One potential physiological limitation is that high concentrations of the LDH enzyme, which would result if the allometry seen in small fishes continued indefinitely, might present a solute problem for large fishes. However, the highest LDH values measured for fishes, from the axial muscles of tuna (Guppy and Hochachka 1978) , are far greater than those predicted for large striped bass, even if the allometric relationships found for smaller individuals also held for the largest bass. If the high activities found in tuna result from a high LDH concentration rather than high turnover number, then striped bass are unlikely to suffer solute problems from high LDH concentrations.
Another potential physiological limitation is the ability of Manooch (1973) reported that the maximum size of prey in the diet of striped bass in Albermarle Sound peaked at 11 cm for predators >35 cm (~500 g). For striped bass >35 cm the ratio of prey size to predator size declines, and there may be less selective pressure to maintain size-independent burst swimming speeds by larger striped bass because their absolute swimming speeds are already fast enough to capture the largest of their typical prey. Consistent with this scenario, our data indicate strong positive allometry in maximum activity of anaerobic enzymes for source populations dominated by fish <500 g and a general lack of allometric scaling among those dominated by fish >500 g.
Unlike the unusual scaling of anaerobic enzymes in white muscle, Somero and Childress (1980) found negative scaling of enzymes in aerobic pathways in white muscle and linked this to the general negative scaling of standard metabolic rate. In striped bass white muscle, the activities of the enzymes in aerobic pathways (CS and MDH) were effectively mass independent within sources. This result is not entirely surprising. Striped bass and other fishes recruit white muscle only when speeds exceed sustained swimming velocities (Ucri; Freadman 1979; Sisson and Sidell 1987) . At speeds approaching Ub,,rt anaerobic pathways provide essentially all of the power for swimming. It is unclear whether aerobic pathways in white muscle contribute significant quantities of ATP at speeds between Ucrit and Uburs,. It is more likely that aerobic pathways in white muscle provide an efficient source of ATP to maintain the tissue when at rest or during recovery from exhaustive exercise (Goolish 1991a ). In the absence of a plausible mechanism for increases or decreases in the cost of maintaining a typical gram of white muscle, we would expect no change in the potential for aerobic metabolism with fish mass. Goolish (1991 a) has argued that one might expect a positive relationship between anaerobic and aerobic metabolism for larger organisms; the increased aerobic capacity would support higher rates of lactate and glycogen turnover and faster recovery from anaerobic exercise. However, we found no evidence for this pattern in any of our samples, including those with large fishes.
Scaling in Red Muscle
Many studies have reported the activities of enzymes in fish red muscle (see Sidell and Moerland 1989; Goolish 1991a), but none have examined the allometric scaling of mass-specific enzyme activities. We found that in the red muscle of striped bass, enzymes of aerobic pathways (CS, MDH) generally demonstrated mass-independent patterns of maximum activity. A possible exception is among YOY striped bass. We found positive scaling of CS and MDH in the hatchery YOY (Hh: mass range 9-31 g). In the smaller wild-caught YOY fishes (Rw: mass range 3-8 g), the mass of the red muscle was extremely low and had a high connective tissue content, so we were unable to get unbiased estimates of enzyme activity. Either positive allometry or isometry for enzymes of aerobic pathways is contrary to the expectation for negative scaling of aerobic metabolism (see discussion in Somero and Childress 1980; Childress and Somero 1990; Rome 1992), but it may enhance recovery from anaerobic exercise (Goolish 1991a ). For example, trout, after exhaustive exercise, recover three times faster if maintained in a flume set to speeds that require sustained swimming rather than in still water, reflecting the consumption of lactate to fuel aerobic demand (Milligan et al. 2000) .
Convergence of Anaerobic Potential in Red and White Muscle of Small Fish
One surprising finding was that red muscle in small striped bass contained higher activities of anaerobic enzymes than did the same tissue from larger fish. Indeed, the clear differentiation in anaerobic potential between red and white muscle commonly seen in fish disappeared in striped bass under 30 g (cf. Figs. 1,  2) . While anaerobic pathways are unimportant at speeds below Ucrt, anaerobiosis may become more important for powering the red muscle of small fishes at speeds above Ur,,i;,. In these small fish, contraction of red fibers may contribute to power development even as more and more of the power at higher speeds is provided by contraction of white muscle. The prevailing view that red muscle cannot contribute much power directly at speeds above U,,, because of differences in the contractile characteristics of red and white muscle is based exclusively on studies of larger fishes (Rome et al. 1988 
